CfMNPV BlocksAcMNPV-Induced Apoptosis in a Continuous Midgut Cell Line  by Palli, S.R. et al.
VIROLOGY 222, 201–213 (1996)
ARTICLE NO. 0411
CfMNPV Blocks AcMNPV-Induced Apoptosis in a Continuous Midgut Cell Line
S. R. PALLI,1 G. F. CAPUTO, S. S. SOHI, A. J. BROWNWRIGHT, T. R. LADD, B. J. COOK,
M. PRIMAVERA, B. M. ARIF, and A. RETNAKARAN
Natural Resources Canada, Canadian Forest Service, 1219 Queen Street East, P.O. Box 490, Sault Ste. Marie, Ontario, Canada, P6A 5M7
Received January 16, 1996; accepted May 28, 1996
Morphological and molecular changes produced by Autographa californica nuclear polyhedrosis virus (AcMNPV) infection
in a permissive cell line, IPLB-SF-21AE (SF-21), of Spodoptera frugiperda and a nonpermissive cell line, FPMI-CF-203 (CF-
203), of Choristoneura fumiferana are described. CF-203 cells inoculated with AcMNPV showed a DNA ladder and morpholog-
ical changes such as plasma membrane granulation, blebbing, and nuclear fragmentation, which are characteristic of
apoptosis. Typical virus replication and occlusion body (OB) production were seen in SF-21 cells inoculated with AcMNPV
and no apoptosis-like symptoms were observed. mRNA for the apoptosis suppressor gene p35 was detected 9 hr later in
AcMNPV-inoculated CF-203 cells than in SF-21 cells. Only a trace amount of mRNA for the AcMNPV-inhibitor of apoptosis
homologue (Ac-iap) gene and no mRNAs for the late genes, AcMNPV-polyhedrin (Ac-polh) and AcMNPV-p10 (Ac-p10), were
detected in AcMNPV-inoculated CF-203 cells. Inoculation of CF-203 cells with CfMNPV at least 12 hr prior to inoculation
with AcMNPV prevented apoptosis-like cell death, and mRNAs for Ac-iap, Ac-polh, and Ac-p10 genes were expressed
resulting in successful virus replication and OB production. q 1996 Academic Press, Inc.
INTRODUCTION inhibitor of apoptosis (Cp-iap; Crook et al., 1993) pre-
vented actinomycin D-induced apoptosis in SF-21 cells.
Baculoviruses are primarily infectious to insects and
AcMNPV p35 is required during early virus replication
are of much interest for use as environmentally benign
to protect SF-21 cells from vAcAnh-induced apoptosis
insecticides. The spruce budworm, Choristoneura fumi-
(Hershberger et al., 1994). SF-21 cells stably transfectedferana, multicapsid nuclear polyhedrosis virus (Cf MNPV)
with p35 gene were also protected from apoptosis in-has potential for pest control, but it is a slow acting
duced by the RNA-synthesis inhibitor, actinomycin Dvirus when compared to other baculoviruses such as the
(Cartier et al., 1994). Expression of AcMNPV p35 proteinAutographa californica MNPV (AcMNPV). Our attempts
prevents cell death in Drosophila (Hay et al., 1994), nema-to produce a recombinant of CfMNPV and AcMNPV that
todes (Sugimoto et al., 1994), and mammals (Rabizadehwould be virulent to C. fumiferana were unsuccessful
et al., 1993; Martinou et al., 1995). The p35 protein inhibitsbecause we could not infect C. fumiferana CF-203 cells
Caenorhabditis elegans cell death protease, CED-3, andwith AcMNPV. The inoculated cells failed to produce any
four CED-3-like cysteine protease activities implicated inocclusion bodies (OB) and died prematurely manifesting
apoptosis in mammals by acting as a competitive inhibi-the characteristic symptoms of apoptosis. These
tor of cysteine proteases (Xue and Horvitz, 1995). Thechanges were similar to the apoptosis induced by an
p35 protein probably inhibits a component of apoptosisAcMNPV p35 null mutant, vAcAnh, infection of SF-21 cells
machinery that is highly conserved during evolution.(Clem et al., 1991), and by the wild-type (wt) AcMNPV in
The vAcAnh-induced apoptosis is cell-type dependent,Spodoptera litoralis SL2 cells (Chejanovsky and Gersh-
inducing apoptosis in SF-21 cells from S. frugiperda butburg, 1995).
not in TN-368 cells from Trichoplusia ni, indicating thatApoptosis consists of a series of morphological events
cellular factors may be involved in this process (Clem etduring which cells self destruct in response to a wide
al., 1991). In our work we have also observed similarvariety of stimuli (Steller, 1995). Many viruses, including
cell-type-dependent effects. We found that AcMNPV rep-baculoviruses, (Clem et al., 1991; Chejanovsky and
licates and produces OB (data not shown) in FPMI-CF-Gershburg, 1995) induce apoptosis (Razvi and Welsh,
70, an ovarian cell line of C. fumiferana (Harvey and1995). Clem and Miller (1994) reported that p35, Orgyia
Sohi, 1985), whereas it induced apoptosis and failed topseudotsugata NPV inhibitor of apoptosis (Op-iap; Birn-
replicate in CF-203, a midgut cell line of the same insectbaum et al., 1994) and Cydia pomonella granulosis virus
(Sohi et al., 1993). These observations suggest that
apoptosis may also play a role in determining the host1 To whom correspondence and reprint requests should be ad-
range of baculoviruses. In this paper we present evi-dressed. Fax: (705) 759-5700. E-mail: RPALLI@BIPMELED.FPMI.FOR-
ESTRY.CA. dence to show that wtAcMNPV induces apoptosis in CF-
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203 cells and that CfMNPV can prevent this apoptosis were amplified using primers shown in Table 1 and used
as probes. Scorpion toxin DNA was obtained by digest-and rescue AcMNPV replication.
ing pTZ-AaHIT (McCutchen et al., 1991) with BamHI and
SacI. For protein analysis, cells were washed in 11 PBSMATERIALS AND METHODS
and the cell pellet was resuspended in 21 loading dye
Cell lines and viruses (11 loading dye is 0.625 M Tris–HCl, pH 6.8, 40% glyc-
erol, 4% SDS, 2% 2-mercaptoethanol, and 0.01% bromo-S. frugiperda ovarian cell line, IPLB-SF-21AE (SF-21;
phenol blue). The proteins were resolved on a 12% poly-Vaughn et al., 1977), and a C. fumiferana midgut cell line,
acrylamide–SDS gel and transferred to a glass-fiber fil-FPMI-CF-203 (CF-203; Sohi et al., 1993), were used in
ter. The nonspecific sites were blocked by incubatingthis study. SF-21 cells were grown in Grace’s medium
the membrane in blocking solution [5% nonfat dry milk(GIBCO-BRL Life Technologies, Grand Island, NY) con-
in PBST (PBST is 11 PBS with 0.5% Tween 20)] overnighttaining 0.25% (w/v) tryptose broth (DIFCO Laboratories,
at 47. The filter was then incubated in a 1:1000 dilutionDetroit, MI) and 10% heat-inactivated fetal bovine serum
of p35 antibody made in PBST and 1% BSA for 1 hr(FBS, CanSera International Inc. Rexdale, Ontario). CF-
followed by one 15-min wash in PBST and three 5-min203 cells were grown in SF-900 medium (GIBCO-BRL)
washes in PBST. The filter was then incubated in thesupplemented with 10% FBS. Plaque-purified AcMNPV
peroxidase-labeled secondary antibody, goat anti-rabbitand CfMNPV were propagated in T. ni and C. fumiferana
IgG (H / L; GIBCO BRL), followed by four washes of 15,larvae, respectively. The titer of the virus in the inoculum
5, 5, 5 min in PBST. The enzyme activity was visualizedwas determined by TCID50 assay in SF-21 cells for
by using the Western blot Chemiluminescence reagentAcMNPV and in CF-124T cells (Bilimoria and Sohi, 1977)
(DuPont NEN). The filter was then stained with 0.1% Coo-for CfMNPV.
massie brilliant blue R-250 in 50% methanol and 10%Twenty-four-hour old cell cultures grown in plastic
acetic acid for visualization of total proteins.flasks were inoculated with budded virus. The virus inoc-
ulum was removed and the cell monolayers were rinsed
Microscopytwice with medium, 5 ml of fresh medium was added,
and the cultures were incubated at 287. The cells were For electron microscopy cells were processed and ex-
examined under an inverted phase contrast microscope amined according to Sohi et al. (1984). For staining with
and photographed. At various postinoculation (pi) times DAPI (4*,6 - diamidine - 2* - phenylindoledihydrochloride)
cells were collected, rinsed with phosphate-buffered sa- and TUNEL (TdT-mediated dUTP nick end labeling), cell
line (11 PBS), frozen in liquid nitrogen, and stored at pellets were fixed in 4% paraformaldehyde solution in
0707 until processed. 11 PBS for 30 min at room temperature (217). They were
To verify whether AcMNPV produced in CF-203 cells then embedded in paraffin and thick sections were cut.
coinfected with Cf MNPV and AcMNPV infects T. ni lar- Sections were dewaxed and dehydrated according to
vae, CF-203 cells were inoculated with either CfMNPV standard procedures. The sections were stained with
alone or CfMNPV followed 24 hr later by AcMNPV; SF- either DAPI or TUNEL according to the manufacturer’s
21 cells were inoculated with AcMNPV alone. Cells were recommended procedures (Boehringer Mannheim Can-
harvested 5 days pi; OB were isolated by lysing the cells ada, Laval, Quebec).
with 1% SDS and washed in DDH2O. Approximately 10
6
OB were applied to the surface of insect diet, and five RESULTS
4th instar T. ni larvae were transferred to each diet cup.
Control larvae were fed diet treated with DDH2O only. AcMNPV induces apoptosis in CF-203 cells
Larvae were observed daily until they died or pupated.
Inoculation of SF-21 cells with AcMNPV (Fig. 1C) andSquash preparations of dead larvae were examined un-
CF-203 cells with CfMNPV (Fig. 1F) resulted in success-der a microscope for the presence of OB.
ful infection as shown by the presence of OB. However,
inoculation of SF-21 cells with CfMNPV (Fig. 1E) and CF-Extraction and analyses of DNA, RNA, and proteins
203 cells with AcMNPV (Fig. 1D) was unsuccessful, and
very few or no OB were seen. Inoculation of SF-21 cellsDNA for the apoptosis assay was extracted according
to published protocols with modifications as described with CfMNPV resulted in extensive clumping of cells with
very few of them (less than 1%) producing OB (Fig. 1E).in Palli et al. (1996). For DNA dot blots, cell pellets were
lysed and the DNAs were denatured in 0.5 N NaOH and CF-203 cells inoculated with AcMNPV became round, the
cytoplasmic extensions were resorbed and the plasmablotted onto Hybond N (Amersham) membrane. The DNA
was cross linked to the membrane using a UV cross membrane showed increased granulation and blebbing,
the nucleoli disappeared, and a structure similar to viro-linker (Stratagene). Isolation of total RNA and Northern
hybridization were performed according to Palli et al. genic stroma was seen (Fig. 1D). The cells were lifted
off the culture flasks and most of them showed small(1995). Regions of AcMNPV p35, iap, p10, and polh genes
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TABLE 1
Oligonucleotide Primers Used for Amplification of DNA for Probes
Gene Probe length (nt) Primers used (5* to 3*) References
p35 461 ATG TGT GTA ATT TTT CC Friesen and Miller, 1987
ACG CAT ACC GCC ACG TA
iap 487 ATG TCC AAT TTA CAG TC Crook et al., 1993; Ayres et al., 1994
TAC ACC ACA AATATT TT
p10 169 TAG ACG CCG TTA CGG AA Kuzio et al., 1984
AGA TCC GGA ACA ATG TC
polh 720 ATG CCG GAT TAT TCA TAC Hooft Van Iddekinge et al., 1983
GAA CAG AGG TGC GTC TGG
blebs (Fig. 1D). AcMNPV-inoculated CF-203 cells showed Replication of AcMNPV DNA in SF-21 and CF-203
cellscondensed virogenic stroma-like matrix (VSLM) forming
a ring zone ultrastructure, characteristic of baculovirus
Dot blot of DNA isolated from AcMNPV-inoculated CF-infection, by 16 hr pi (Figs. 2A and 3A). Up to this point
203 and SF-21 cells at 0, 12, 24, 48, 72, and 120 hr piall the morphological characteristics observed, including
was hybridized with a region of the p35 gene as a probeformation of VSLM and displacement of the chromatin
(Fig. 6). In CF-203 cells the AcMNPV DNA increased 4-along the nuclear membrane, were similar to the symp-
fold the initial level by 12 hr pi and 6-fold by 24 hr pi andtoms of early stages of baculovirus infection (Knudson
then it decreased to 2-fold the initial level by 120 hr pi.and Harrap, 1976). By 24 hr pi, the VSLM increased in
In SF-21 cells the AcMNPV DNA increased 4-fold thedensity and most of the chromatin was packaged into
initial level by 12 hr pi, 8-fold by 24 hr pi, and 10-fold bydense nuclear bodies (DNB). At this time, the DNB and
48 hr pi, levels decreased to 4-fold the initial level by 120the VSLM were the only two prominent structures seen
hr pi. Thus, AcMNPV DNA replicates in both the cellin the nuclei (Figs. 2B and 3B). The DNB were aligned
lines, although at a lower rate in CF-203 cells.on the inner surface of the nuclear membrane like beads
in a necklace. The nuclear membrane was disintegrated
Expression of p35, Ac-iap, Ac-polh, and Ac-p10 genesin most of the cells by 48 hr pi (Figs. 2C and 3C). By 72
in AcMNPV-inoculated SF-21 and CF-203 cellshr pi, almost all the cells showed the DNB and in some
cells they moved outward close to the plasma membrane Northern blots containing 5 mg of total RNA isolated
(Figs. 2D and 3D). No OB were seen even at this late from AcMNPV-inoculated CF-203 and SF-21 cells at 0, 1,
stage of infection, but parts of the VSLM were still pres- 3, 6, 12, 24, 48, and 72 hr pi were hybridized with a p35
ent. As shown in Figure 4, these DNB were stained with probe. A 1.1-kb p35 mRNA was detected in SF-21 cells
DAPI, indicating that they contained DNA. The TUNEL beginning at 3 hr pi and reaching the maximum level by
also stained these DNB, confirming that these bodies 6 hr pi. This maximum level remained until 24 hr pi when
contained fragmented DNA. Neither DAPI nor TUNEL it started to decline (Fig. 7). In CF-203 cells, p35 mRNA
stained the mock-treated CF-203 cells. Thus, the staining was first detected at 12 hr pi, reached the maximum level
tests confirmed that the DNB in AcMNPV-inoculated CF- by 24 hr pi, after which it decreased to undetectable
203 cells contain DNA. levels by 72 hr pi (Fig. 7). Thus, p35 mRNA appears 9 hr
later in CF-203 cells than in SF-21 cells.
DNA fragmentation
The same Northern blots hybridized with Ac-iap probe
showed that Ac-iap mRNA began to appear in SF-21 cellsTo determine whether or not the premature death of
the AcMNPV-inoculated CF-203 cells was due to at 6 hr pi, reached the maximum level by 12 hr pi, and
decreased only slightly until 72 hr pi (Fig. 7). However,apoptosis, genomic DNA was isolated from these cells
at various times pi and resolved on an agarose gel. An only trace amounts of Ac-iap mRNA were detected at 12
and 24 hr pi in CF-203 cells. Thus, Ac-iap mRNA appearsoligomeric DNA ladder, characteristic of apoptosis, was
observed in CF-203 cells inoculated with AcMNPV begin- in large quantities in AcMNPV-inoculated SF-21 cells but
only in trace amounts in CF-203 cells inoculated withning at 24 hr pi (Fig. 5). However, inoculation of CF-203
cells with CfMNPV and inoculation of SF-21 cells with this virus. Passarelli and Miller (1994) showed that Ac-
iap was transcribed as a bicistronic message at botheither AcMNPV or CfMNPV did not produce DNA ladder,
but most of the genomic DNA of these cells was intact early and late times postinfection of SF-21 cells. The late
promoter was much stronger than the early promoter.until 72 hr pi (Fig. 5). This confirmed our morphological
observations that AcMNPV induces apoptosis in CF-203 Most of the Ac-iap mRNA observed on our Northern blots
was probably transcribed from the late promoter.cells.
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FIG. 1. SF-21 cells (A, C, E) and CF-203 cells (B, D, F) mock-inoculated (A, B), inoculated with either AcMNPV (C, D) or CfMNPV (E, F) were
photographed under a phase contrast microscope at 72 hr postinoculation. Note the production of occlusion bodies (OB) in CF-203 cells inoculated
with CfMNPV (F) and in SF-21 cells inoculated with AcMNPV (C). SF-21 cells inoculated with CfMNPV became round and clumped (E). CF-203
cells inoculated with AcMNPV detached from the culture flasks, lost cytoplasmic extensions, and became round. The plasma membrane showed
increased granularity and blebbing and the nuclei showed fragmentation (D).
The mRNA for Ac-polh and Ac-p10 genes was detected lated CF-203 cells (Fig. 7). Both Ac-polh and Ac-p10
probes hybridized to another high molecular weight RNAin the AcMNPV-inoculated SF-21 cells at 24 hr pi and
reached the maximum level by 48–72 hr pi, but no Ac- present in AcMNPV-inoculated SF-21 cells. Whether this
is an overlapping transcript or an unprocessed form ofpolh or Ac-p10 mRNA were detected in AcMNPV-inocu-
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FIG. 2. Light microscopy images of CF-203 cells inoculated with AcMNPV. The cells were fixed at 16 (A), 24 (B), 48 (C), and 72 (D) hr pi. Embedding,
sectioning, and staining were performed as described under Materials and Methods. The arrows point to the dense nuclear bodies. St, virogenic
stroma-like matrix; N, necklace of dense nuclear bodies.
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FIG. 3. Electron microscopy images of CF-203 cells inoculated with AcMNPV. The cells were fixed at 16 (A), 24 (B), 48 (C), and 72 (D) hr pi,
embedded, and thin sections were cut and stained with bismuth subnitrate. The arrows point to the dense nuclear bodies. St, virogenic stroma-
like matrix; NE, nuclear envelope; PM, plasma membrane.
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FIG. 6. AcMNPV DNA replication in selected cell lines. CF-203 and
SF-21 cells were inoculated with AcMNPV. The cells were collected
and lysed with 0.5 N NaOH at 0, 12, 24, 48, 72, and 120 hr pi and the
DNA was blotted onto Hybond N membrane and hybridized with 32P-
labeled p35 DNA probe.
FIG. 4. DAPI (4*,6-diamidine-2*-phenylindoledihydrochloride) and TU-
NEL (TdT-mediated dUTP nick end labeling) labeling of AcMNPV-inocu-
lated CF-203 cells. The cells were fixed in 4% paraformaldehyde, em- reached maximum levels by 12 hr pi and persisted
bedded in paraffin, and thick sections were cut. The sections were
through 72 hr pi (Fig. 8). In CF-203 cells the p35 proteinstained with either DAPI or TUNEL. The arrowheads point to the dense
was detected at 12 hr pi, reached the maximum level bynuclear bodies.
24 hr pi, then decreased to undetectable levels by 72 hr
pi (Fig. 8). Thus, p35 protein was synthesized at least 6
the mRNA is not readily apparent from these data. It
appears therefore that late genes such as polh and p10
are not transcribed in AcMNPV-inoculated CF-203 cells.
Detection of p35 protein in SF-21 and CF-203 cells
inoculated with AcMNPV
Western blots containing proteins isolated from
AcMNPV-inoculated SF-21 and CF-203 cells at various
times pi were probed with antibodies made against the
p35 protein. In SF-21 cells trace amounts of p35 protein
were detected at 6 hr pi (difficult to see in Fig. 8 but a
trace amount could be seen in the original film). It
FIG. 5. AcMNPV induces DNA fragmentation in CF-203 cells. Twenty FIG. 7. Comparison of expression of p35, Ac-iap, polh, and p10 genes
in AcMNPV-inoculated SF-21 and CF-203 cells. Five micrograms of totalmicrograms of genomic DNA isolated from CF-203 cells and SF-21
cells inoculated with AcMNPV or CfMNPV at 0, 12, 24, 48, or 72 hr pi RNA isolated from CF-203 and SF-21 cells inoculated with AcMNPV at
0, 1, 3, 6, 12, 24, 48, and 72 hr pi were separated on a 1.3% agarose-were resolved on a 1.5% agarose gel. The gel was stained with ethidium
bromide and photographed. A characteristic oligosomal DNA ladder formaldehyde gel. The RNA was transferred to a Hybond N membrane
and probed with 32P-labeled AcMNPV p35 or iap or polh or p10 DNA.was observed only in CF-203 cells inoculated with AcMNPV beginning
at 12 hr pi. All other three combinations showed intact genomic DNA Molecular weight markers (in kb) on the left are from BRL RNA ladder.
Top panel shows the ethidium bromide-stained gel prior to transfer toeven at 72 hr pi. The molecular weights (in nucleotides) on the right
are from BRL one kilobase ladder. membrane.
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FIG. 8. The p35 protein is detected in AcMNPV-infected SF-21 and CF-203 cells. Proteins extracted from AcMNPV inoculated SF-21 or CF-203
cells at 0, 1, 3, 6, 12, 24, 48, and 72 hr pi were resolved on a 12% polyacrylamide–SDS gel and transferred to a glass fiber filter. The filter was
probed with p35 antibody followed by peroxidase-labeled secondary antibody. The enzyme activity was visualized by using the Western blot
chemiluminescence reagent (DuPont NEN). The molecular weights given on the left are from a low molecular weight kit from Pharmacia.
hr later in CF-203 cells than in SF-21 cells. It persists or 24 hr prior to inoculation with AcMNPV resulted in
complete protection, with less than 1% of cells showinguntil 72 hr pi in SF-21 cells, but decreases and becomes
undetectable by 72 hr pi in CF-203 cells. signs of cell death. Simultaneous inoculation with both
viruses, or inoculation with CfMNPV 3 or 6 hr prior to
inoculation with AcMNPV, resulted in intermediate levelsCfMNPV blocks AcMNPV-induced apoptosis
of protection (Fig. 10). It appears, therefore, that inocula-
To verify whether Cf MNPV could block the AcMNPV- tion with CfMNPV at least 12 hr prior to inoculation with
induced apoptosis in CF-203 cells, they were inoculated AcMNPV provides total protection of CF-203 cells from
with (a) AcMNPV alone, (b) a 50:50 mixture of AcMNPV AcMNPV-induced apoptosis.
and CfMNPV, (c) CfMNPV 6 hr prior to inoculation with When a 50:50 mixture of AcMNPV and CfMNPV was
AcMNPV, and (d) CfMNPV 12 hr prior to inoculation with used, the cells showed a significantly reduced DNA lad-
AcMNPV. DNA was isolated from the cells at various time
intervals after inoculation with AcMNPV and resolved
on an agarose gel. AcMNPV used alone caused DNA
fragmentation beginning at 12 hr pi; the quantity of frag-
mented DNA increased with time after inoculation (Fig.
9). The cells inoculated with 50:50 mixture showed less
fragmented DNA and more intact DNA as compared to
the cells inoculated with AcMNPV alone. DNA fragmenta-
tion was reduced further when CfMNPV was added at 6
or 12 hr prior to inoculation with AcMNPV (Fig. 9).
To quantify the protection of CF-203 cells by CfMNPV
from AcMNPV-induced cell death, CF-203 cells were in-
oculated with (a) AcMNPV alone, (b) a 50:50 mixture of
AcMNPV and Cf MNPV, (c) CfMNPV 3 or 6 or 12 hr prior
to inoculation with AcMNPV, and (d) CfMNPV alone. The
percentage of cells showing apoptotic morphological
FIG. 9. CfMNPV can block AcMNPV-induced DNA fragmentation incharacteristics, such as plasma membrane blebbing, in-
CF-203 cells. Twenty micrograms of genomic DNA isolated from CF-creased granulation of the plasma membrane, loss of
203 cells inoculated with AcMNPV alone or a 50:50 mixture of bothcytoplasmic extensions, detachment from the substrate,
AcMNPV and CfMNPV or with CfMNPV at 6 or 12 hr prior to addition
and nuclear fragmentation, was determined at 24, 48, and of AcMNPV at 0, 12, 24, 48, and 72 hr pi with AcMNPV were resolved
72 hr pi. About 50% of the cells showed morphological on a 1.5% agarose gel. The gel was stained with ethidium bromide
and photographed. A characteristic oligosomal DNA ladder was ob-characteristics of apoptosis by 24 hr after inoculation
served in CF-203 cells inoculated with AcMNPV beginning at 12 hr pi.with AcMNPV alone. Almost all the cells in this group
When AcMNPV and CfMNPV were inoculated as a mixture simultane-showed these characteristics by 72 hr pi (Fig. 10). Very
ously, the ladder decreased and it decreased even further when
few cells (less than 1%) showed the characteristics of CfMNPV was added either at 6 or 12 hr prior to addition of AcMNPV.
apoptosis in either mock-treated controls or cells inocu- The molecular weights (in nucleotides) on the right are from BRL one
kilobase ladder.lated with CfMNPV alone. Inoculation with CfMNPV 12
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FIG. 10. CfMNPV protects CF-203 cells from death-induced by AcMNPV. CF-203 cells were inoculated with either AcMNPV alone or CfMNPV
alone or with a 50:50 mixture of both viruses simultaneously or AcMNPV at 6, 12, and 24 hr after inoculation with CfMNPV. Number of cells showing
signs of programmed cell death were determined under an inverted microscope at 24, 48, and 72 hr after addition of AcMNPV. The percentage of
apoptotic cells was calculated based on the total cells in each field. Each field included 100–200 cells and three such fields were analyzed. The
means with standard deviations are presented. A, mock inoculation; B, CfMNPV only; C, AcMNPV only; D, AcMNPV / CfMNPV (simultaneously);
E, CfMNPV / AcMNPV (3 hr later); F, CfMNPV / AcMNPV (6 hr later); G, CfMNPV / AcMNPV (12 hr later); H, CfMNPV / AcMNPV (24 hr later).
der compared to those inoculated with AcMNPV alone, inoculation with AcMNPV (i.e., 48 hr after inoculation with
CfMNPV) and increased to a maximum level by 48 hr pi,but morphological observations showed that almost all
after which it started to decrease to undetectable levelsthe cells inoculated with both the viruses showed charac-
by 120 hr pi (Fig. 11). Ac-iap mRNA was detected atteristics of apoptosis by 72 hr pi. The reason for the
24 hr after inoculation with AcMNPV; it increased to adiscrepancy between these two observations is not
maximum level by 48 hr pi and remained at this levelknown. It is possible that during simultaneous inocula-
until 72 hr pi, following which it started to decrease bytion with both the viruses, most of the cells die but DNA
96 hr pi (Fig. 11). Both Ac-polh and Ac-p10 mRNA werefragmentation may be delayed in some of these cells
detected at 48 hr pi, reached maximum levels by 72 hrresulting in less fragmented DNA by 72 hr pi. Alterna-
pi, then started to decline by 96 hr pi. Thus, mRNAs fortively, it could be argued that DNA fragmentation and
Ac-iap, Ac-polh, and Ac-p10 were detected in CF-203premature cell death are two different phenomena and
cells that had been inoculated with CfMNPV 24 hr priorthis difference might have been enhanced by simultane-
to inoculation with AcMNPV (Fig. 11). These threeous inoculation of both viruses. We favor the first possi-
mRNAs were not detected in CF-203 cells inoculatedbility.
with AcMNPV alone (Fig. 7). As shown in Fig. 11, p35, Ac-
iap, Ac-polh, and Ac-p10 probes did not bind to CfMNPVExpression of p35, Ac-iap, Ac-polh, and Ac-p10 in the
mRNAs. The p35 was not identified in CfMNPV. The nu-CF-203 cells inoculated with CfMNPV followed by
cleotide sequences of Ac-iap, Ac-polh, and Ac-p10 (re-AcMNPV
gions used as probes) are 60, 22, and 53% different from
To verify whether Cf MNPV protection from AcMNPV- their CfMNPV homologues. In our experience, under the
induced apoptosis results in successful replication of high stringency hybridization and washing conditions
AcMNPV in CF-203 cells, we studied the expression of used in these experiments, the hybridization signal is
p35, Ac-iap, Ac-polh, and Ac-p10. CF-203 cells were inoc- detectable only when the nucleotide difference between
ulated with CfMNPV alone or with CfMNPV 24 hr before the probe and the target is less than 10%. Therefore,
AcMNPV inoculation. The cells were harvested at 48, 72, we conclude that the bands observed in Northern blots
96, and 120 hr after inoculation with CfMNPV. Northern containing RNA isolated from CF-203 cells coinfected
blots containing 5 mg of total RNA isolated from these with CfMNPV and AcMNPV were due to the hybridization
cells were hybridized with p35, Ac-iap, or Ac-polh or Ac- of AcMNPV probes only to AcMNPV mRNAs and not to
CfMNPV mRNAs.p10 probes. The p35 mRNA was detected 24 hr after
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detected between 24 and 96 hr pi (Fig. 12). These data
demonstrate that inoculation of CF-203 cells with
CfMNPV 24 hr prior to inoculation with AcMNPV not only
protects these cells from the AcMNPV-induced apoptosis
but also enables the AcMNPV to successfully replicate.
AcMNPV produced in CF-203 cells coinfected with
CfMNPV and AcMNPV infects T. ni larvae
All of the T. ni larvae that were fed OB isolated from
SF-21 cells inoculated with AcMNPV alone died, as did
more than 90% of the larvae that were fed OB isolated
from CF-203 cells inoculated with CfMNPV and AcMNPV
(Table 2). Microscopic examination of dead larvae from
both the groups revealed the presence of OB, confirming
NPV infection. Only 2 of 20 larvae that were fed OB iso-
lated from CF-203 cells inoculated with CfMNPV alone
died. Neither of the dead larvae had any OB, confirming
the lack of NPV infection. These data therefore confirm
that inoculation of CF-203 cells with CfMNPV 24 hr prior
to inoculation with AcMNPV not only protects these cells
from AcMNPV-induced apoptosis, but it also enables
AcMNPV to successfully replicate in them and the prog-
eny virus is infectious to the host larvae.
DISCUSSION
Our main finding is that AcMNPV replication is blocked
in CF-203 cells, but restored upon preinfection with
CfMNPV at least 24 hr prior to inoculation with AcMNPV.
Apoptosis is induced because of this replication defect,
which does not occur upon infection with CfMNPV alone.
FIG. 11. Expression of p35, Ac-iap, Ac-polh, and Ac-p10 genes in Coinfection of AcMNPV with CfMNPV restores trancrip-
CF-203 cells inoculated with CfMNPV followed by AcMNPV or CfMNPV
alone. Five micrograms of total RNA isolated from CF-203 cells inocu-
lated with CfMNPV followed by AcMNPV (left panel) or CfMNPV alone
(right panel) and harvested at 48, 72, 96, and 120 hr after inoculation
with CfMNPV were separated on a 1.3% agarose-formaldehyde gel.
The RNA was transferred to Hybond N membrane and probed with
32P-labeled AcMNPV p35 or iap or polh or p10 DNA. Molecular weight
markers (in kb) on the left are from BRL RNA ladder. Top panel shows
the ethidium bromide-stained gel.
To confirm this further, we used an AcMNPV recombi-
nant virus expressing an insect-selective scorpion toxin
[AcUW2(B).AaIT, McCutchen et al., 1991] to infect either
untreated CF-203 cells or CF-203 cells that had been
inoculated with CfMNPV 24 hr earlier. Cells were col-
FIG. 12. Expression of scorpion toxin mRNA in CF-203 cells inocu-lected at 24, 48, 72, and 96 hr after inoculation with
lated with CfMNPV followed by AcUW2(B).AaIT or AcUW2(B).AaITAcUW2(B).AaIT. Northern hybridization analysis of RNA
alone. Five micrograms of total RNA isolated from CF-203 cells inocu-
isolated from these cells using scorpion toxin DNA as a lated with CfMNPV followed by AcUW2(B).AaIT (left panel) or AcUW2
probe showed low levels of scorpion toxin mRNA by 24 (B).AaIT alone (right panel) and harvested at 24, 48, 72, and 96 hr after
inoculation with AcUW2(B).AaIT were separated on a 1.3% agarose-hr pi in CF-203 cells that were exposed to CfMNPV prior
formaldehyde gel. The RNA was transferred to Hybond N membraneto inoculation with AcUW2(B).AaIT (Fig. 12). In these cells
and probed with 32P-labeled scorpion toxin DNA. Molecular weightthe scorpion toxin mRNA increased to a maximum level
markers (in kb) on the left are from BRL RNA ladder. The scorpion toxin
by 48 hr pi, these levels were maintained until 96 hr pi. gene is expressed under the control of p10 promoter and the transcript
Most of the CF-203 cells inoculated with only AcUW2 includes 5* leader sequence from AcMNPV gp 67 gene and 3* LacZ
sequences, therefore it appears as a longer mRNA. ST, scorpion toxin.(B).AaIT died and very little scorpion toxin mRNA was
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TABLE 2
AcMNPV Produced in CF-203 Cells Coinfected with CfMNPV and AcMNPV Infects T. ni Larvae
Summary of data
Replicates
Virus inoculum 1 2 3 4
Untreated control 0a 0 0 NT
Cf MNPV produced in CF-203 cells 0 0 1b 1b
AcMNPV produced in Cf MNPV-protected CF-203 cells 5c 5c 5c NT
AcMNPV produced in SF-21 cells 5c 5c 5c 5c
Analysis of variance
Source of Sum of Degrees of Mean
variation squares freedom squares F P value
Treatments 78.2143 3 26.0714 260.7143 8.6333E-10
Error 1.0 10 0.1
Total 79.2143 13
Note. NT, Not tested.
a Each value represents the number of dead larvae of a total of five larvae tested.
b No occlusion bodies were observed in squash preparations of dead larvae.
c Occlusion bodies were observed in squash preparations of dead larvae.
tion of AcMNPV late genes such as Ac-iap, Ac-pol, and cation). Second, in the AcMNPV-inoculated CF-203 cells
mRNAs for late genes such as polh and p10 are notAc-p10, which are not detected in CF-203 cells infected
only with AcMNPV. Apparently, CfMNPV provides a fac- detected, suggesting that the block is at the transcription
level. In AcMNPV-inoculated Ld652Y cells the mRNA fortor(s) that overcomes this block, prevents apoptosis, and
allows AcMNPV replication. AcMNPV p35 prevents late genes such as polh is transcribed but is not trans-
lated, suggesting a block at the translation level (Guzoapoptosis induced by AcMNPV p35 null mutant as well
as actinomycin D in SF-21 cells (Clem et al., 1991; Clem et al., 1992; Thiem et al., 1996). Third, LdMNPV coinfec-
tion of Ld652Y cells enhances AcMNPV replication onlyand Miller, 1994). The p35 RNA and protein are produced
in AcMNPV-inoculated CF-203 cells somewhat later than if the cells are inoculated with LdMNPV 6–8 hr after
inoculation with AcMNPV (McClintock and Dougherty,in AcMNPV-infected SF-21 cells. Whether or not this de-
layed expression is responsible for the failure to block 1987). But CfMNPV prevents apoptosis and enhances
AcMNPV replication only if the CF-203 cells are inocu-apoptosis in AcMNPV-inoculated CF-203 cells is not
clear. The level of p35 protein present by 24 hr pi appears lated with CfMNPV at least 12 hr prior to inoculation
with AcMNPV. While the limitation of host range may beto be sufficient to block apoptosis. Moreover, it has been
shown that p35 protein blocks apoptosis in Drosophila common in these two systems, the actual mechanism
of premature cell death is probably different. It will be(Hay et al., 1994), nematodes (Sugimoto et al., 1994), and
mammals (Rabizadeh et al., 1993; Martinou et al., 1995). interesting to find out if the homologue of the LdMNPV
host range gene hrf-1 is present in CfMNPV, and whetherIt is quite surprising therefore that AcMNPV-inoculated
CF-203 cells undergo apoptosis even in the presence of such a gene can block AcMNPV-induced cell death in
CF-203 cells.p35. This raises the possibility that the AcMNPV-induced
apoptosis in CF-203 cells is a different kind of cell death Morphological changes such as blebbing and in-
creased granulation of the plasma membrane, chromatinthat occurs despite the presence of adequate levels of
p35. This phenomenon appears to be similar to the pre- condensation (Figs. 1–3), and oligomeric nuclear DNA
fragmentation (Fig. 5) observed in AcMNPV-inoculatedmature cell death observed in Lymantria dispar IPLB-
Ld652Y (Ld652Y) cells, where infection with AcMNPV CF-203 cells were similar to those seen during apoptosis
induced by AcMNPV p35 null mutant in SF-21 cells (Clemalone is aborted but coinfection with LdMNPV enhanced
AcMNPV infection (McClintock and Dougherty, 1987; et al., 1991) and wild-type AcMNPV in SL-2 cells (Cheja-
novsky and Gershburg, 1995). However, electron micro-Thiem et al., 1996). However, there are some differences
between these two systems. First, a very strong oligo- scopic observations of AcMNPV-inoculated CF-203 cells
did not show classical apoptosis ultrastructures that in-meric DNA ladder is observed in AcMNPV-inoculated CF-
203 cells, whereas no DNA ladder is seen in AcMNPV- clude apoptotic bodies containing cytoplasm and frag-
mented nuclei. These cells showed morphological char-inoculated Ld652Y cells (S. M. Thiem, personal communi-
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